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ABSTRACT 
 
Heavy mineral analysis of sandstones and chemical analysis of detrital garnets were 
carried out in the Shimanto Belt of Kii Peninsula. The heavy mineral assemblages of the 
sandstones were classified into six types (I, II, III, III’, IV, V) on the basis of the ratios among 
euhedral zircon, rounded zircon, garnet, epidote, titanate and allanite. The Yukawa AC (late 
Albian~Cenomanian) mainly consists of zircon, garnet, epidote and titanite (type V). The 
heavy mineral assemblages of the Terasoma Group (Turonian~ early Campanian) consist of 
zircon, ganet, and allanite (type IV) in the lower part and abundant zircon along with garnet 
and anatase (type II) in the upper part. The Miyama AC (Turonian~Campanian) contains the 
assemblages of type I dominated by garnet and type II dominated by zircon. The heavy 
mineral assemblages of the sandstones from the Ryujin AC (late Campanian~middle 
Maastrichtian) and the Nyunokawa Formation (Late Maastrichtian?) consist of abundant 
euhedral zircon (type III, III’). In the Otanashigawa AS (paleocene~early Eocene), they are 
composed of type II rich in euhedral zircon and garnet in the lower part and type IV rich in 
allanite, epidote, and titanite in the upper part. The Muro AS mostly comprises of type II. The 
heavy mineral types show a tendency of transition (V→I, II →III, III’ →II) in chronological 
order. Such a transition is considered to reflect the Late Cretaceous felsic magmatism in the 
Inner Zone of Southwest Japan. As for the chemical analysis of detrital garnets, almandine 
garnets are dominant in the Yukawa AC. On the Mn-Mg-Ca diagram, L type garnets are most 
abundant. In the Terasoma Formation, almandine garnets rich in spessartine component are 
predominant with a little grandite in the Lower Member. On the Mn-Mg-Ca diagram, the 
garnets from the Lower Member comprise various types. In contrast, the garnets of Ia H and 
G types show a decrease and L type garnets increase in the Middle Member. The garnets from 
the Miyama AC are dominated by pyrope-rich almandine and Ig2 type. In the Otonashigawa 
AS, almandine garnets rich in spessartine become more abundant from the lower part to the 
upper part. A few grandites were extracted from the uppermost part. Garnets from the Muro 
AS are dominated by pyrope-rich almandine (Ig1, Ig2) and the content of them increases 
upward. The changes in sandstone composition are recognized within the Terasoma 
Formation and Otonashigawa AS. The changes are considered to have been caused by roofing 
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and unroofing. On the basis of the change in the chemical compositions of garnets, detritus 
were supplied from the Sangun, Hida, Ryoke and Kurosegawa belts in Albian to Turonian 
time. Owing to roofing by felsic volcanic rocks, the supply from former two decreased in 
Coniacian time. Entering into Late Maastrichitian, the supply from the Ryoke Belt increased 
because of the unroofing of volcanic covers. Supply from the Asian continent also increased 
in Eocene time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 5 
CHAPTER 1 
 
I TRODUCTIO  
 
Heavy mineral composition has been well known to be a useful tool for the 
determination of sandstone provenance. It also has been emphasized that heavy mineral 
composition is modified by the weathering of parent rocks, mechanical abrasion, hydraulic 
sorting during transport and burial diagenesis (Sato, 1971; Morton and Hallsworth, 1999; 
Kumon, 2000). Although having such weak points, the usefulness of this method has been 
stressed by some authors. Tokuhashi and Agyinigi (1995) proved that it is useful to interpret 
the sedimentary process in the Neogene turbidite basin. Nechaev et al. (1995) discriminated 
the plate tectonic environments by the difference of heavy mineal compositions. Bessho 
(1997) described the heavy mineral composition of the sandstones from the Shimanto Belt in 
the Kii Peninsula in detail and made their provenance clear. As the result, the usefulness of 
this method has become clear, for example, in the solution of stratigraphic problems and in 
detailed provenance analysis adding to the modal composition of sandstones and 
conglomerates.  
The aim of this study is to provide the quantitative heavy minerals and chemical 
compositions of detrital garnets in the sandstones from the Shimanto Belt in the Kii Peninsula 
and to reveal the temporal provenance change in the hinterland of the Shimanto Belt. The 
sandstones of the Shimanto Belt were collected in the Cretaceous Yukawa AC, Miyama AC, 
Terasoma Formation, Ryujin AC, Nyunokawa Formation, Paleogene Otonashigawa AS and 
Muro AS. All most data were quoted from the paper published previously (Bessho, 1997, 
2000, 2004; Bessho and Nakaya, 2011) except the one of Muro AS. 
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CHAPTER 2 
 
PREVIOUS STUDIES O  THE SA DSTO E COMPOSITIO  
OF THE SHIMA TO BELT 
 
There are many researches on mode composition of the sandstones from the 
Shimanto Belt (Tokuoka, 1966, 1967; Okada, 1977; Teraoka, 1977, 1979; Kumon, 1983, 
1985; Teraoka and Okumara, 1992; Teraoka et al., 1996). These studies have revealed the 
temporal changes in the sandstone composition. The differences in the sandstone composition 
were presumed to have been mainly caused by the so-called late Mesozoic igneous activity in 
the Inner Zone of Southwest Japan. Concerning to the research on detrital garnet, there are 
the followings; Takeuchi (1986, 1992), Teraoka et al. (1997, 1998, 1999), Bessho (2000), 
Takeuchi (2000), Teraoka et al. (2003), Kyaw Soe Win et al., (2007a, 2007b) and Bessho and 
Nakaya (2011). Teraoka et al. (1997) proposed Mn-Mg-Ca diagram to classify garnets in 
relation to their origins. It seems that the diagram is a useful tool for presumptions of the 
origins of garnets in the sandstones. Teraoka et al. (1999) stressed that Ig2 type garnets 
dominated by magnesium have been derived from Archean metamorphic rocks of the 
Sino-Korea or Khanka Massifs. Kyaw Soe Win et al., (2007b) recognized four provenances 
for the Cretaceous systems of Kii Peninsula, i. e., the Kurosegawa belt, the Paleo-Ryoke belt, 
the Inner zone and Asian continent. As for geochemical studies of the sandstones, there are 
the following researches; Teraoka et al. (1995); Kiminami et al (1998), Oyaizu and Kiminami 
(2000), Kiminami et al. (2000) and Oyaizu and Kiminami (2004). Kiminami et al (1998) 
presumed that the volcanic activities in the hinterland of the Cretaceous Shimanto Belt 
gradually changed from dacitic to felsic ones. In the study on conglomerates, the discovery of 
orthoquartzite clasts from the Paleogene Muro AS in Kii Peninsula is worthy of special 
mention (Tokuoka, 1967). The similarity of the orthoquartzite clasts to the Precambrian 
orthoquartzites in China and Korea were stressed (Tokuoka, 1970). 
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CHAPTER 3 
 
GEOLOGIC SETTI G 
 
The Shimanto Belt, bordering on the Chichi Belt on the north by the Butsuzo 
Tectonic Line, extends from the Boso Peninsula to the Nansei Islands over a distance of about 
1800km (Fig. 1). The reseaches on stratigraphic study of the Shimanto Belt in the Kii 
Peninsula have been advanced in the 1960’s to 2000’s (Kishu Shimanto Research Group, 
1968, 1970, 1977, 1983, 1986, 1991, 2006). Recently the Belt was newly divided on the 
concept of accretion (Suzuki and Nakaya, 2012). The Shimanto Accretionary prism in the Kii 
Peninsula is divided by Yanase fault and Gobo-Totsukawa thrust into the Kouyasan, 
Hidakagawa Belt and Hikigawa Belts from north to south (Fig. 2). The Kouyasan Belt, 
Cretaceous accretionary complex (AC), is named Hanazono Comlex in the west area 
(Yamamoto and Suzuki, 2012)．Hidakagawa Belt, also Cretaceous AC, comprises three 
accretionary complex, that is, Yukawa AC (Albian to Cenomanian), Miyama AC (Turonian to 
Early Maastrichtian) and Ryujin AC (Late Campanian to Middle Maastrichian) from north to 
south. Hikigawa Belt, Paleogene accretionary prism, is weakly deformed and maintains the 
primary stratigraphy. From these viewpoints, accretionary prism like this was called the 
accretionary sequence (AS) (Suzuki and Nakaya, 2012). This Belt consists of the 
Otonashigawa AS (Paleocene to Early Eocene) and Muro AS (Middle Eocene to Early 
Miocene). The Terasoma Fomation (Turonian to Early Campanian), which is distributed in 
the northwest margin of the Hidakagawa Belt is believed to have been deposite in a forearc 
basin (Kishu Shimanto Research Group, 1983). The Nyunokawa Formation, which occupies 
in the northern margin of the Hikigawa Belt, yields Late Campanian radiolarian fossils 
(Kimura, 1984; Hollis and Kimura, 2001). However, Nakaya (2012) recently proposed that 
this formation should be correlated to the Otonashigawa AS from similarities of 
lithostratigraphy, geologic structure and properties of sandstone and conglomerate. In this 
paper, the Nyunokawa Formaion is regarded an independant formation as same as the current 
works. 
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3.1. KOUYASA  BELT 
 
Hanazono Accretionary Complex 
Kurimoto (1982) found that the so-called Chichibu system to the east of Itaya Fault 
belongs to the Shimanto Belt, because of yielding of the Upper Cretaceous radiolarian fossils 
and similarity of lithofacies. These strata were named Hanazono Formation. Yamamoto and 
Suzuki (2012) subdivided the Hanazono Complex into three units separated by two thrusts 
recently. This Complex is mainly composed of shale, shale-dominated alternating beds of 
sandstone and shale accompanied with greenstone and chert. Based on radiolarian fossils, 
geologic age of this Complex is assigned to Santonian to Campanian. Awan and Kimura 
(1996) inferred from an illite crystallinity that the complex was generated at the northernmost 
part in the Shimanto Belt of Kii Peninsula, due to a underplating and an out-of-sequence 
thrust named the Yanase Fault.  
 
3.2. HIDAKAGAWA BELT  
 
Yukawa Accretionary Complex 
This complex situated at the northernmost part of the Cretaceous Hidakagawa Belt 
that has been believed to be deposited in a fore-arc basin, mainly because of lacking of 
oceanic rocks. However, the complex was newly defined as an accretionary complex on the 
basis of existence of greenstones and cherts, moreover geologic structure as thrust and 
overturned folds (Kishu Shimanto Reseach Group, 2012). The Yukawa AC is devided into the 
northern Yanase Unit and the southern Kitamata Unit separated by a thrust. The Yanase Unit 
consists mainly of massive or bedded sandstone and alternating beds of sandstone and shale, 
with subordinate felsic tuff and red or green shale. The Kitamata Unit is composed of massive 
or bedded sandstone and alternating beds of sandstone and shale accompanied by greenstones 
and cherts. The geolgic age of both units is assigned to Albian to Senomanian. However the 
southern Kitamata Unit is supposed to be a bit younger than the northern Yanase. The strata 
exposed in the western area, yielding Early Cretaceous shallow-sea bivalves (Nakazawa et al., 
1979), were presumed to be tectonic sheets of the Sotoizumi Group (Kishu Shimanto Reseach 
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Group, 2012).  
 
Terasoma Formation 
The Terasoma Formation, ranging in age from Turonian to Early Campanian, situates 
in the northwestern margin of the Hidakagawa Belt (Fig.2). This formation forms a simple 
synclinorium. The Terasoma Formation, about 800 meters thick, is divided into three 
members, i.e., the Lower, Middle, Upper Members (Kishu Shimanto Reseach Group, 1983). 
The Lower Member is composed mainly of shale and shale-dominated alternating beds of 
sandstone and shale accompanied by pebbly shale and sandstone. The Middle Member 
consists of sandstone with intercalated shale. The Upper Member mainly comprises shale 
sandy laminae. It has been believed to be the outer shelf to upper-slope basin deposits, 
because of yielding megafossil such as inoceramid and ammonites, being well stratified, and 
showing lateral palaeocurrents from north to south (Kishu Shimanto Reseach Group, 1983).  
 
Miyama Accretionary Complex 
This complex borders on the Yukawa AC on the north by the Yukawa thrust and on 
the Ryujin Accretionary Complex on the south by the Shimotahara thrust. The Miyama 
Accretionary Complex was divided into four units by northward dipping thrusts; namely, the 
Chikai (M1) Unit, the Gomadanzan (M2) Unit, the Hattomaki (M3) Unit and the Ubuyukawa 
(M4) Unit from north to south (Kishu Shimanto Reseach Group, 2012). The Chikai Unit is 
composed mainly of shale and shale-dominated alternating beds of sandstone and shale, 
intercalating greenstone and cherts. Both the Gomadanzan Unit and the Hattomaki Unit 
consist, in their lower part, of muddy sediments including blocks of greenstones and cherts, 
whereas upper parts of them predominate alternating beds of sandstone and shale. These sets 
are inferred to be an oceanic plate stratigraphy. The Ubuyukawa Unit comprises plural thrust 
sets of the lower part of muddy sediments and the upper part of sandy sediments 
accompanied by felsic tuff. Although depositional age of the Miyama Accretionary Complex 
is assigned totally to range from Turonian to Early Maastrichtian, the units tend to young 
southward; namely, the Chikai (M1) Unit ranging from Turonian to Coniacian, both 
Gomadanzan (M2) Unit and the Hattomaki (M3) Unit from Santonian to Early Companian 
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and the Ubuyukawa (M4) Unit from Late Companian to Early Maastrichtian.  
 
Ryujin Accretionary Complex 
  The complex is widely distributed in the southern part of the Hidakagawa Belt, 
bordering on the Miyama Accretionary Complex on the north by the Shimotahara thrust and 
on the Otonashigawa Accretionary Sequence on the south by the Gobo-Totsukawa thrust. The 
complex is divided by northward dipping thrusts into three units; the Sohgawa (Ry1) Unit, 
the Komatagawa (Ry2) Unit and the Yunohara (Ry3) Unit from north to south (Kishu 
Shimanto Reseach Group, 2012). The Sohgawa Unit consists of mainly black shale, with 
subordinate intercalations of felsic tuff, sandstone, alternating beds of sandstone and shale. 
The Komatagawa Unit is composed of shale with greenstones in the lower part and 
coarse-grained sandstone and sandstone-dominated alternating beds of sandstone and shale in 
the upper part.. The Yunohara Unit consists mainly of grayish - black shale accompanied by 
felsic tuff and sporadic greenstones, however, was supposed to be a deformed unit due to 
brecciation by thrust. On the basis of radioradian fossils, the geologic age of the Sohgawa 
(Ry1) Unit is assigned to Late Campanian to Middle Maastrichtian and the one of both the 
Komatagawa (Ry2) Unit and the Yunohara (Ry3) Unit to Late Campanian.  
 
 yunokawa Formation 
The Nyunokawa Formation (Kishu Shimanto Reseach Group, 1977), being 
distributed in the southernmost part of the Hidakagawa Belt, is composed of coarse 
terrigenous deposits with small amount of greenstones. On the basis of radioradian fossils, 
the geologic age has been assigned to Late Campanian (Suzuki, 1987). In contrast, Nakaya 
(2012) advanced the view that the formation should be correlated to the Paleogene 
Otonashigawa Accretionary Sequence, because of the similarity of lithostratigraphy, geologic 
structure and the properties of clastics. What seems to be lacking, however, has not ever been 
extracted the Paleogene radioradian fossils from the formation. In this paper, therefore, the 
descriptions of lithostratigraphy were quoted from Kishu Shimanto Reseach Group (1977). 
The Nyunokawa Formation is devided into five members, i. e., N1 to N5 Members (Kishu 
Shimanto Reseach Group, 1977). Kimura (1986) set up the Ng Member that overlies the N5 
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Member. Both N1 and N3 Members are mainly composed of black bedded shale and 
shale-dominated alternating beds of sandstone and shale. The N2 Members consists of 
shale-dominated alternating beds and thick-bedded sandstone. The N4 Member consists of 
alternating beds of sandstone and shale and bedded sandstone. The N5 Member comprises 
sandstone-dominated alternating beds of sandstone and shale and thick-bedded sandstone in 
the lower part; conglomerates in the upper part which called the Nyunokawa Conglomerate 
(Tokuoka et al., 1981). Two upward-coarsening sequences, beginning in shale and ending in 
thick-bedded sandstone, can be recognaized in the formation. Greenstones are sometimes 
intercalated in N2, N3 and N4 Members. The Ng Member is composed mainly of black shale 
and pebbly shale accompanied by alternating beds of sandstone and shale, felsic tuff and 
conglomerate.  
 
3.3. HIKIGAWA BELT 
 
Otonashigawa Accretionary Sequence 
This sequence borders on the Ryujin AC on the north by Gobo-Totsukawa thrust and 
on the Muro Accretionary Sequence on the south by the Tikatsuyu thrust. Otonashigawa AS 
is stratigraphically divided into the lower Uridani and the upper Haroku Formations. The 
Uridani Formation is composed of grey shales accompanied by green or red shales with 
greenstones. The Haroku Formation is subdivided into the lower member and the upper 
member. The former is mainly composed of interbedded sandstone and shale, the latter 
consisting of thick sandstone beds and conglomerates. They are arranged, as a whole, into 
thickening-and coarsening-upward motif. The Otonashigawa AS has been interpreted as 
submarine fan deposits accumulated at the mouth of a submarine canyon debouched into the 
trench basin (Nakaya, 2006; Nakaya and Sakamoto, 2012). The radiolarian age is supposed to 
be Paleocene to Early Eocene. 
 
Muro Accretionary Sequence 
The Muro Accretionary Sequence, bounded on the north by the Tikatsuyu thrust, 
widespreads in the southern part of the Kii Peninsula. As the sequence only consists of coarse 
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terrigenous clastics and lacks in oceanic rocks, it has long been inferred to be a fore-arc basin 
deposits. As a result of reconsidering the geologic structure, it is regarded to be an 
accretionary sequence. The Muro AS is divided into the Notake, Ookamidawasan, Ichikano 
and Susami tectonic units from north to south (Suzuki, Nakaya and Fukuda, 2012). The 
Notake Tectonic Unit (TU) comprises the Buju and the Ohzu formations. The 
Ookamidawasan and Ichikano TUs consist of the Yasukawa, Uchikoshi and Kohgawa 
formations, in ascending order. The Susami TU is subdivided into the Kobushigawa, 
Samotogawa and Tanamigawa formations, in ascending order. On the basis of radiolarian 
fossils, the depositional age of each Tectonic Unit shows a tendency of younging southward; 
the Notake UT showing Middle Eocene in age, both the Ookamidawasan and the Ichikano 
TUs ranging from late Middle Eocene to early Late Eocene and the Susami UT ranging from 
Late Eocene to Early Miocene. The lithofacies of Ichikano Tectonic Unit, from which the 
sandstone samples were collected, are described below quoting from Suzuki, Nakaya and 
Fukuda (2012). The Yasukawa Formation, about 600 m thick, is composed mainly of 
shale-dominated alternating beds of sandstone and shale, rarely with sandstone and 
sandstone-dominated alternating beds. The Uchikoshi Formation, about 2200 m thick, mainly 
comprises of massive or thick-bedded sandstone accompanied by conglomerates, bedded 
shale and shale-dominated alternating beds of sandstone and shale. The Kohgawa Formation 
is divided into the Lower, Middle and Upper members. The Lower Member is composed 
mainly of black shale. The Middle Member consists mainly of interbedded sandstone and 
shale, massive sandstone, conglomerates. The Upper Member consists of bedded shale and 
shale-dominated alternating beds of sandstone and shale. The route map and the geologic 
columnar sections of the Uchikoshi Formation are presented in Figs. 3, 4 and the ones of the 
Kohgawa Formation in Figs. 5, 6, respectively. The route map of the Yasukawa Formation 
where sandstone samples were collected at is presented in Fig. 7. 
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CHAPTER 4 
 
MATERIALS A D METHODS 
 
4.1. SA DSTO E SAMPLES 
Sandstone samples were collected from each unit in the following (Fig. 2). In the 
Yukawa AC, a total of 15 fine-to medium-grained sandstones were collected; four samples 
from the Yanase Unit, 11 samples from the Kitamata Unit and three samples from the 
Sotoizumi Group (Bessho, 2000). In the Terasoma Formation, a total of 16 samples were 
selected; five samples from the Lower Member, 10 samples from the Middle Member and 
one sample from the Upper Member (Bessho, 2000). In the Miyama AC, a total of 42 
samples were collected; five samples from the Chikai (M1) Unit, 18 samples from the 
Gomadanzan (M2) Unit , 11 sample from the Hattomaki (M3) Unit and eight samples from 
the Ubuyukawa (M4) Unit (Bessho,1997, 2000). In Ryujin AC, a total of 25 samples were 
selected; seven samples from Sohgawa (Ry1) unit and 18 samples from the Komatagawa 
(Ry2) Unit (Bessho, 1997). In the Nyunokawa Formation, a total of 30 samples were 
collected; 12 samples from N2 Member, 11 samples from N4 Member and seven samples 
from N5 Member (Bessho, 1997). In Otonashigawa AS, a total of 14 samples were selected; 
10 sandstones from the Lower Member of Haroku Formation and four samples from the 
Upper Member (Bessho and Nakaya, 2011). In the Muro AS, a total of 30 samples were 
collected; five samples from the Yasukawa Formation, 15 samples from the Uchikoshi 
Formation and 10 samples from the Kohgawa Formation. 
 
4.2. HEAVY MI ERAL A ALYSIS 
The procedure of this analysis mostly follows the methods of Sato and Suzuki 
(1991) and Bessho (1997). The fine particles sieved through 60 mesh (250μm) were 
separated by gravity setting through tetrabromoethane (s.g. 2.97). Counting of heavy minerals 
by point counting method has been continued until the number of transparent heavy mineral 
attains about four hundreds per slide under the polarizing microscope. Opaque minerals under 
the microscope were entirely treated as opaque heavy mineral. 
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4.3. CHEMICAL A ALYSIS OF DETRITAL GAR ET 
Detrital garnet grains were picked up from heavy mineral assemblages. The method 
of preparing slides for chemical analysis follows Adachi et al. (1995). Chemical compositions 
of garnets from the Yukawa AC, Terasoma F. and Miyama AC were analyzed on wave-length 
dispersive spectrometer (WDS) at Naruto University of Education operated at 15.0Kv 
accelerating voltage with specimen current of 1.20×10-8A and count time of 50sec. On the 
other hand, Chemical compositions of them from the Otonashigawa AS and the Muro AS 
were analyzed on energy dispersive spectrometer (EDS) at Osaka City University operated at 
20 Kv accelerating voltage with beam current of 5×10-8A and count time of 50sec. Garnets 
from the Terasoma F. were newly analyzed on WDS. Garnets were analyzed for 11 elements, 
i.e., Si, Al, Ti, Cr, Fe, Mn, Mg, Ca, Na, K and Ni on WDS and for 7 elements; Si, Al, Ti, Fe, 
Mn, Mg and Ca on EDS. The ratio of Fe
2+
 and Fe
3+ 
was calculated, presuming garnet 
stoichiometry. The end-member calculations follow the method of Deer et al. (1992).  
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CHAPTER 5 
 
 RESULTS 
 
5.1. DESCRIPTIO  OF HEAVY MI ERALS 
The sandstone from Shimanto belt in Kii Peninsula contains small amounts of heavy 
minerals. The content in the Cretaceous Yukawa AC is 0.14% (average of weight percentage), 
the Terasoma F. 0.06%, the Miyama AC 0.05%, the Ryujin AC 0.03%, the Nyunokawa F. 
0.02%, Paleogene Otonashigawa AS 0.1% and Muro AS 0.1 %. As mentioned above, the 
sandstones from the Cretaceous system of Shimanto belt contain more heavy minerals than 
those of the Paleogene system in Kii Peninsula. The content of opaque heavy minerals in the 
sandstones from the Cretaceous system is 38.1wt% in average and those from the Paleogene 
system is 39.5 %. Transparent heavy minerals identified in the sandstones of the Shimanto 
Belt in Kii Peninsula are as follow: zircon, garnet, epidote, titanite, anatase, barite, tourmaline, 
zoisite, rutile, allanite, spinel, common hornblende, hyperthene, augite, piemontite, apatite, 
monazite, biotite, muscovite, chlorite, moiisanite, corumdum. Among them, zircon, garnet, 
epidote, titanite, anatase, tourmaline and allanite are main heavy mineral constituents of the 
Shimanto Belt. Heavy mineral components of the Yukawa AC, the Terasoma F. and the 
Miyama AC are tabulated in Table 1, the Ryujin AC and the Nyunokawa F. in Table 2, and the 
Otonashigawa AS and the Muro AS in Table 3. In the following, descriptions of selected 
transparent heavy minerals are given in order of abundance. 
 Zircon: This occurs abundantly in the all of the specimens, especially in the Ryujin AS and 
the Nyunokawa Formation. It is subdivided into euhedral and rounded in its shape, and into 
colorless, brown, pale-pink and purple in its color. Among them the colorless euhedral zircon 
is the most abundant variety. In the rounded zircon, the colorless variety is most predominant. 
Both pale-pink and purple zircons are exceedingly well rounded (Fig. 8a). The following 
varieties are also observed; having a large elongation ratio, showing an out-growth, and 
showing zoning and intergrowth. 
 Garnet: Most sandstone contain garnet. However, the sandstones from the Ryujin AC and 
the Nyunokawa F scarcely contain garnet. The garnets show variable color; colorless, 
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pale-pink, pale-reddish brown and pale-yellowish brown. Colorless garnet is most 
predominant with subordinate pale-pink one. Most garnet grains are broken pieces, although 
euhedral, faceted (Hansly, 1987) and etched garnets are recognized occasionally (Figs. 8b, c, 
d). 
Epidote: This mineral is observed in most samples. Its quantity is rather low, however, high 
in the Yukawa AC and the Chikai Unit of the Miyama AC (1~45%). Though almost all ones 
are colorless or yellowish-green broken fragments, it rarely occurs as a crystal elongated to b 
axis. Two varieties are recognized; a clear one and the other including fine dusts. 
Titanite: This occurs a little in the most samples, however, is included up to 40% in the 
Yukawa AC. Almost all ones are broken pieces showing colorless, reddish-brown and 
yellowish-brown in color. Euhedral or rounded ones are observed rarely. 
Anatase: This is observed in most samples. Its quantity is commonly low, however, high in 
the upper part of the Terasoma Fomation (up to 6%), the Gomadanzan Unit of the Miyama 
AC (up to 6%) and the Ryujin AC (up to 8%). It occurs mainly as yellow, brown and blue 
tabular of rectangular form or bipyramidal habit. It seems almost to be authigenic from the 
euhelral form (Fig. 8g). 
Tourmaline: This is observed in most samples, but generally occurs a little. It is found 
abundantly in the Gomadanzan Unit of the Miyama AC (uo to 5%) and the Muro AS (up to 
8%). It shows green, greenish-brown, brown and blue in color. Green and greenish-brown 
varieties common. It occurs largely as a broken fragment, rarely euhedral prismatic crystal, 
having a pyramidal termination and overgrowth feature. The rounded grains tend to be 
dominant in the Muro AS (Fig. 8f). 
Allanite: This is sparsely distributed. It occurs richly in the lower part of the Terasoma 
Formation (up to 6%) and the upper part of the Otonashigawa AS (up to 15%). Most of them 
present remarkable pleochroism from reddish-brown to dark reddish-brown (foxy red) and 
have broken shape. It rarely occurs as a crystal elongated to b crystal-axis and rounded grains. 
Zosite: This is a little observed in the most samples. Almost all grains are colorless or pale 
yellowish-green broken pieces, rarely a prismatic crystal elongated to b crystal-axis.  
Barite: This is sporadically found in the Miyama AC (up to 56%), the Ryujin AC (up to 
50%) and the Nyunokawa Formation (up to 19%). Barite is classified into two varieties; 
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broken fragments and rounded grains. It is colorless and contains a lot of inclusions looking 
like fine dusts. 
Rutile: This occurs a little in the most samples. Reddish-brown rutile is more predominant 
than yellow one. Most grains occur as broken fragments, rarely euhedral (Fig. 8h) and 
rounded shape. It occasionally has striations and shows genicular twinning being peculiar to 
rutile. 
Spinel: This is a little distributed in most samples. It was treated as the “others” in the 
Ubuyukawa and Hattomaki units of the Miyama AC, Ryujin AC and Nyunokawa Formation 
(Tables 1, 2). It occurs largely as broken pieces, rarely euhedral or rounded grains. It is in 
general dark reddish-brown, rarely blue and green. 
Biotite: This is frequently contained a little. It is reddish-brown or brown and occasionally 
includes euhedral zircon crystals. 
Common-Hornblende: This occurs a little It shows three colors; blue-green, green and brown 
varieties. The latter two are in common. The blue-green variety is sparsely distributed only in 
the Ubuyukawa and Hattomaki units of the Miyama AC and the N2 Member of the 
Nyunokawa Formation (Tables 1, 2). It occurs mostly as broken fragments, rarely a prismatic 
crystal with hacksaw-termination due to interstratal solusion (Fig. 8e). 
Hyperthene: This is sporadically found a little. The Ubuyukwa Unit of the Miyama AC 
exceptionally comprises 1 to 18%. It presents noticeable pleochroism from green to brown. It 
occurs mostly as broken fragments, rarely rounded grains. 
Augite: This is sparsely distributed. It is pale-green to green and occurs mostly as broken 
fragments, rarely rounded grains and prismatic crystals with so-called hacksaw-termination. 
Monazite: This is sporadically found in the Kitamata Unit of Yukawa AC, the Middle and 
Upper members of the Terasoma Formation, the Miyama AC, the Nyunokawa Formation 
and the upper part of the Otonashigawa AS. It is pale yellow to pale yellowish-green 
rounded grains. 
Piemontite: Two grains were extracted from the Sohgawa Unit of the Ryujin AC. Both two 
are short prisms elongated to b axis, rounded a little. It shows remarkable pleochroism from 
reddish-purple to yellow. 
Moiisanite: This is sporadically found a little. It mostly occurs as dark blue broken pieces 
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with conchoidal fracture. 
 
5.2. HEAVY MI ERAL TYPE 
The transparent heavy minerals in the sandstones from the Shimanto Belt in Kii 
Peninsula consist mainly of six varieties, e.g., euhedral zircon, rounded zircon, garnet, 
epidote, titanaite and allanite. The ratios among them fairly vary with accresionary complexes, 
accresionary sequences and formations. Therefore, Bessho (2000) distinguished six types of 
heavy mineral composition, namely, TypeⅠ,Ⅱ,Ⅲ, Ⅲ’, Ⅳ and Ⅴ on the basis of the 
ratios among six main varieties (Figs. 9, 10).  
TypeⅠis characterized by the dominance of garnet and the little zircon accompanied 
by tourmaline, epidote, allanite, rutile, augite, hyperthene and anatase. In TypeⅡ, zircon is 
contained more abundant than TypeⅠ, commonly with subordinate anatase, tourmaline, 
epidote, titanite and rutile. The sandstones of this Type include minor common hornblende, 
augite, biotite, zoisite, monazite and spinel. Type Ⅲ is characterized by the dominance of 
euhedral zircon (up to 81%), slightly including rounded zircon and garnet. Other minor heavy 
minerals in this Type are epidote, anatase, titanite, rutile and spinel. Type Ⅲ ’ is 
fundamentally the same as Type Ⅲ, but, rounded zircon is richer than Type Ⅲ (rounded 
zircon>4% of transparent heavy minerals). Type Ⅳis mainly composed of zircon and garnet 
accompanied by epidote, allanite, titanite and tourmaline. This Type includes minor zoisite, 
rutile and spinel. Type Ⅴ consists mainly of zircon, garnet, epidote and titanite with 
subordinate tourmaline, zoisite, allanite, rutile and anatase. 
 
5.3. FEATURES OF HEAVY MI ERAL COMPOTIO  I  EACH U IT 
 
Yukawa Accretionary Complex 
The amount of opaque minerals is 40.0 % on an average. The diagrams of total and 
transparent heavy mineral compositions are shown in Figs. 11, 12 respectively. The heavy 
mineral assemblage of sandstones from the Kitamata U. consists mostly of Type V, which is 
composed mainly of zircon, garnet epidote and titanite, accompanied by TypeⅠrich in garnet. 
Epidote and titanite decrease in the Yanase U and the heavy mineral assemblage transforms 
 19 
into TypeⅠand Ⅱ . The heavy mineral assemblages from the tectonic sheets of the 
Sotoizumi Group are of Type V and Ⅰ. 
 
Terasoma Formation  
The opaque minerals of this formation comprise 36.6% on an average. In this 
formation, a remarkable difference in the transparent heavy mineral composition has been 
found between the Lower Member to the lower part of the Middle Member and the upper part 
of the Middle Member to the Upper Member (Bessho, 2004). The former is composed of 
zircon and garnet accompanied by epidote, allanite, titanite (TypeⅣ), whereas, the latter 
consists of abundant zircon with minor amount of garnet and anatase (TypeⅡ) (Figs. 11, 12). 
The transition in the heavy mineral assemblages occurs rapidly and characteristically shows 
an abrupt disappearance of allanite, decreasing of the content of garnet, tourmaline, epidote 
and titanite.  
 
Miyama Accretionary Complex 
The amount of opaque minerals is 40.3 % on an average. The diagrams of total and 
transparent heavy mineral compositions are presented in Figs. 13, 14, respectively. The heavy 
mineral assemblage of sandstones from the Miyama AC totally comprises TypeⅠand Ⅱ. As 
for the details, the Chikai Unit is composed of TypeⅡ and the unclassified type rich in 
epidote. Both the Gomadanzan and the Hattomaki Units consist of TypeⅠand Ⅱ, moreover, 
the Ubuyukawa Unit TypeⅡ. In the Gomadanzan Unit, the heavy mineral composition is 
well coincident with the lithofacies, that is, the lower part (M2a) containing blocks of oceanic 
rocks comprises TypeⅠand the upper part (M2b) predominating over coarse terrigeneous 
sediment TypeⅡ. This complex contains abundant purple rounded zircons, especially in the 
Ubuyukawa Unit 4% of the total constituent. 
 
Ryujin Accretionary Complex 
Opaque mineral content is 40.8 % on an average. This complex is composed of Type 
Ⅲ and Ⅲ’, which are characterized by dominance of euhedral zircon (Figs. 15, 16). In more 
details, the Komatagawa Unit consists entirely Type Ⅲ and the Sohgawa Unit Type Ⅲ’ 
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containing minor amount of rounded zircon and garnet. Two piemontite grains were extracted 
rarely from the Sohgawa Unit. 
 
 yunokawa Formation 
The amount of opaque minerals is 31.2 % on an average. The diagrams of heavy 
mineral compositions are presented in Figs.15 and 16. This complex comprises only Type 
Ⅲ’. Blue-green common-hornblende has been found in the N2 Member.  
 
Otonashigawa Accretionary Sequence 
The opaque minerals of this sequence comprise 34.3 % on an average. The diagrams 
of the heavy mineral compositions are shown in Figs. 17 and 18. Heavy mineral assemblages 
from the lower part of the Lower Member are mainly composed of zircon, garnet (Type Ⅱ) 
and rich in greenish-brown common Hornblende. On the other hand, the upper part of the 
Lower Member to the Upper Member contains abundant allanite accompanished with epidote 
and titanite (Type Ⅳ). 
 
Muro Accretionary Sequence 
The amount of opaque minerals is 41.9 % on an average. The diagrams of heavy 
mineral compositions are presented in Figs. 17 and 18. The heavy mineral assemblage of 
sandstones from this sequence mostly comprises TypeⅡ.In detail, there are a little differences 
among formations. The Yasukawa Formation contains euhedral zircon and rounded zircon 
with minor garnet. The Uchikoshi Formation consists of abundant tourmaline and garnet. A 
little epidote and titanite are contained in the middle part of the formaion. In the Gohgawa 
Formation, the content of both tourmaline and garnet is less than the Uchikoshi Formation. 
Both Uchikoshi and Gohgawa formations contain abundant colorless and purple rounded 
zircons. The amount of them is 24 to 30% and 4% of the total constituent respectively. 
 
5.4. FEATURES OF CHEMICAL COMPOTIO  OF DETRITAL GAR ET I  EACH 
U IT 
Detrital garnet grains were collected from the sandstone of the Yukawa AC, 
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Terasoma Formation, Miyama AC, Otonashigawa AS and Muro AS. AS for the Ryuji AC and 
the Nyunokawa Formation, they are scarcely contained; therefore analyses of garnets haven’t 
been done. Results of chemical composition of detrital garnets are presented by 
(Sps+Grs+Adr)-Prp-Alm, (Grs+Adr)-Sp-(Prp+Alm) and Mn-Mg-Ca ternary diagrams 
proposed as the one to presume the origin of garnets (Teraoka et al., 1997, 1998). In this 
diagram, garnets were classified into low P/T (L), intermediate P/T (la, Ig1, Ig2), high P/T 
(H), ecologite (E), grandite (G) types. In the following, the features of chemical composition 
of detrital garnet in each unit are given in order of geological age. 
 
Yukawa Accretionary Complex 
Eighty grains in four samples were analyzed. Results were plotted on the ternary 
diagrams (Fig. 19). Almandine garnet rich in pyrope and spessartine contents are dominant. 
On the Mn-Mg-Ca diagram, L type garnets are most abundant with subordinate Ia, Ig1, Ig2 
and H type garnets. 
 
Terasoma Formation 
A total of 443 grains were analyzed in six samples; namely, 249 grains in three 
samples from the Lower Member and 194 grains in three samples from the Middle Member. 
Each ternary diagrams are showed in Fig. 19. There are clear differences in chemical 
composition of garnet between the Lower and the Middle Members. In the Lower Member, 
Almandine garnets rich in spessartine component are predominant. Some Grandite are also 
extracted. On the other hand, in the Middle Member, garnets rich in grandite component 
decrease obviously. On the Mn-Mg-Ca diagram, the garnets from the Lower Member 
comprise various types besides E type. In the Middle Member, L type garnets increase, in 
contast, Ia, H G type garnets show a sudden decrease. Little intermediate P/T (Ig1, Ig2) 
garnets are included as a whole. 
 
Miyama Accretionary Complex 
A total of 148 grains were analyzed in 8 samples; more concretely, 108 grains in six 
samples from the Chikai, Gomadanzan, Hattomaki Units and 40 grains in two samples from 
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the Ubuyukawa Unit. The results are presented in Fig. 19. The garnets from the former three 
units are dominated by pyrope-rich almandine with subordinate spessartine-rich almandine. 
On the other hand, the garnets from the Ubuyukawa Unit consist mostly of pyrope-rich 
almandine. In this unit, almandine garnets with high pyrope content (max. 42 mol %) were 
found previously (Bessho, 2000). On the Mn-Mg-Ca diagram, the garnets in the sandstones 
from the former three units are rich in intermediate P/T type garnets (Ia, Ig1, Ig2) 
accompanied with L type garnets. H type garnets were little extracted. On the contrary, in the 
Ubuyukawa Unit, Ig2 type garnets increase and low P/T type (L) garnets decrease rapidly; 
moreover, no H type garnets have been found. 
 
Otonashigawa Accretionary Sequence 
Total 458 grains were analyzed in five samples from the Haroku Formation; that is, 
167 grains in 2 samples from the lower part of the Lower Member and 291 grains in 23 
samples from the upper part of the Lower Member to the Upper Member. Each diagram is 
showed in Fig. 20. In the former part, garnets are dominated by pyrope rich almandine and 
spessartine-rich almandine. On the other hand, almandine garnets rich in spessartine become 
abundant in the latter part. A few Grandite (G type) were extracted from the uppermost part of 
the Haroku Formation. Both the low P/T type (L) garnets and the intermediate P/T type 
garnets (Ia, Ig1, Ig2) are dominant with subordinate H type garnets in the former part. In the 
latter part, the low P/T type (L) garnets tend to increase.  
 
Muro Accretionary Sequence 
In this Sequence, 347 grains in five samples from the Uchikoshi Formation and 415 
grains in four samples from the Gohgawa Formation were analyzed (Fig. 20). Garnets of the 
former Formation are composed mainly of pyrope-rich almandine accompanied with 
spessartine-rich almandine. In the Gohgawa Formation, almandine garnets are more abundant 
in pyrope component. On the Mn-Mg-Ca diagram, The garnets from the Uchikoshi 
Formation are dominated by the intermediate P/T type (Ia, Ig1, Ig2) with subordinate low P/T 
type (L) and minor amount of H type. In the Gohgawa Formation, Ig2 type garnets are more 
dominated in than the Uchikoshi Formation and L type garnets slightly decrease. 
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CHAPTER 6 
 
DISCUSSIO  
 
6.1. IMPLICATIO S I  THE CHA GE I  HEAVY MI ERAL COMPOTIO  
As for the heavy mineral types in the sandstones from the Shimanto Belt in Kii 
Peninsula, each unit is characterized by one or two heavy mineral types. Heavy mineral types 
from the Yukawa AC are types V and I; the Terasoma Formation, types IV and II; the Miyama 
AC, types II and III; the Ryujin AC, types III and III’; the Otonashigawa AS; types II and IV; 
and Muro AS; type II. The temporal transition of heavy mineral type is presented in Fig. 21. 
This figure indicates that the heavy mineral types show a tendency of transition (V→I, II →
III, III’ →II) in chronological order. The sandstones of type IV appear only in the Terasoma 
Formation and the Otonashigawa AS. The temporal transition is thought to be caused by the 
variation of euhedral zircon content (Fig. 21). The Ryujin AC, which contains abundant 
euhedral zircon, intercalates felsic tuff frequently. In addition to this, the modal composition 
of sandstones from the Ryujin AC is classified as lithic wacke rich in felsic volcanic rock 
fragments (Kumon, 1983; Kumon, Bessho and Barry P. Roser, 2012). Hence, most of 
euhedral zircon is inferred to be originated from felsic volcanic and granitic rocks. Judging 
from the above, an increase of euhedral zircon is considered to reflect activation of the felsic 
magmatism. Violent felsic magmatism took place in the hinterland, where huge lavas and 
pyroclastics thickly covered the ground. Kumon (1985) called this event ‘roofing’. The 
transition of the heavy mineral types (V→I, II →III, III’) during Cretaceous is believed to 
have happened due to the roofing in the hinterland.  
The heavy mineral type of the Terasoma Formation (Turonian ~ Early Campanian) 
abruptly changes from type IV to II around the middle part of the Middle Member (Figs. 10, 
19). This change seems also to have been due to roofing. The details are taken up later.  
As stated previously, in the Gomadanzan Unit (M2) of Miyama AC, the heavy 
mineral composition is well coincident with the lithofaces. More concretely, the lower part 
(M2a) containing blocks of oceanic rocks comprises TypeI, which contains abundant garnet. 
In contract, the upper part (M2b) predominating coarse terrigeneous sediment shows TypeⅡ, 
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which is rich in euhedral zircon. As for the mode composition of sandstones, both two belong 
feldspar and lithic wackes, although the M2a unit contains more plagioclase and less quartz 
than the M2b unit (Kumon, Bessho and Barry P. Roser, 2012). There is a remarkable 
difference in the occurrence of sandstone beds between M2a and M2b. The sandstones in the 
M2a unit are thick-bedded and are sporadically intercalating the shales and shale-dominated 
alternating beds of sandstone and shale. Moreover, the succession shows upward-thinning 
motif. In contrast, the sandstones of the M2b unit are mostly thin-bedded turbidites 
alternating with shale and frequently show thicking-and coarsening-upward sequence. Such 
differences between the M2a and M2b units may be the following. At the age when M2a Unit 
had been accumulated, the detritus sporadically were deposited in the trench through axial 
channel and formed the sandstone composed of type I. On the other hand, at the age of the 
M2a Unit, a violent felsic magmatism took place in the hinterland and the sandstone 
consisting of type II hugely accumulated in the trench. 
 In the Haroku Formation of the Otonashigawa AS (Paleocene ~ Early Eocene), 
heavy mineral assemblages from the lower part of the Lower Member are mainly composed 
of zircon, garnet (Type Ⅱ) On the other hand, the upper part of the Lower Member to the 
Upper Member contains abundant allanite accompanished by epidote and titanite (Type Ⅳ). 
The cause of this difference shall be discussed in this last. 
 
6.2. IMPLICATIO S I  THE CHA GE I  CHEMICAL COMPOSITIO  OF 
DETRITAL GAR ETS 
The transitions of chemical composition of detrital garnets were recognized in the 
Yukawa AC to the Miyama AC, the Miyama AC to the Otonashigawa AS and the 
Otonashigawa AS to the Muro AS. In the following, the causes of the transition are discussed 
in chronological order. Although the transitions were also found within the Terasoma 
Formation and Otonashigawa AS respectively, the details are taken up later.  
Almandine garnets rich in spessartine, which are abundantly contained in the 
Yukawa AC, decrease in the Miyama AC. In contrast, almandine garnets rich in pyrope 
increase (Fig. 19). These transitions seem to have been contemporaneous with a decrease in L 
type garnets and increase in intermediate P/T type garnet, especially Ig2 garnet on 
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Mn-Mg-Ca diagram (Fig. 22). H type garnets which are included up to 10% in theYukawa 
AC become decreasing in the Miyama AC, moreover, being absent in the Ubuyakawa Unit 
(M4 in Fig. 22). As spessartine-rich almandine contains a little magnesium, it is thought to 
have been originated from low grade metamorphic rocks, granitic rocks and pegmatites 
(Miyashiro, 1953, 1955). L type garnets are inferred to have been derived from muddy gneiss 
and granite (Teraoka et al., 1997, 1998). On the other hand, pyrope-rich almandine garnets 
(Ig1, Ig2) were derived from granulites facies metamorphic rocks. Ig2 type garnets have been 
reported to be contained in the Precambrian gneisses in the East Asian continent (Teraoka et 
al., 1998). H type garnets were from higher grade metamorphic rocks (Teraoka et al., 1998). 
On the basis of the transitions of garnet chemical composition, it is inferred that the supplies 
from the low grade and high grade metamorphic rocks and granitic rocks decreased. In 
contrast, garnets from the Precambrian granulites facies metamorphic rocks increased during 
the age of the Yukawa AC (Albian to Cenomanian) to the Miyama AC (Turonian to Early 
Maastrichtian) deposition.  
The garnets from the Ubuyakawa Unit, which is the youngest unit among the 
Miyama AC (Late Campanian to Early Maastrichtian) are composed mainly of pyrope-rich 
almandine (Ig1, Ig2) (Fig. 22). Especially, Ig2 type garnets comprise 50 % of total garnet 
grains on an average. In contrast, garnets from the Otonashigawa AS are dominated by 
spessartine-rich almandine; moreover, a few grandite (G type garnet) were extracted (Fig. 20, 
22). On Mn-Mg-Ca diagram, L type garnets are more dominant than in the Miyama AC (Figs. 
19, 22). Grandite garnets in the Otonashigawa AS are dominated by grossular component and 
poor in andradite component. They are presumed to have be en derived from impure 
calcareous metamorphic rocks and not from metasomatic skarn deposits (Takeuchi, 2000). 
Judging from the matters mentioned above, the supply from the Precambrian metamorphic 
rocks is considered to have decreased and, in contrast, the supply from gneiss and granitic 
rocks increased in Early Eocene time. 
Spessartine-rich almandine garnets, which are abundant in the Otonashigawa AS, 
rapidly decreased in the depositional age of the Muro AS. In contrast, pyrope-rich almandine 
garnets increased suddenly (Fig. 20). These remarkable changs coincide with an increase in 
intermediate P/T type garnets, especially Ig2 type garnet on Mn-Mg-Ca diagram (Fig. 22). In 
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the Muro AS, Ig2 type garnet tends to increase from the Uchikoshi Formation to the 
Gohgawa Formation (Fig. 22). It is supposed from the above that the supply from low-grade 
metamorphic and granitic rocks decreased and the supply from intermediate-grade 
metamorphic rocks below amphibole-facies and Precambrian granulites facies ones increased 
rapidly in the depositional age of the Muro AS (Middle Eocene to Early Miocene). A few 
supply from high grade metamorphic rocks occurred at the same time. 
 
6.3. ROOFI G I FERRED FROM THE CHA GE I  SA DSTO E COMPOTIO  
I  THE TERASOMA FORMATIO  
As stated previously, the change in sandstone composition are recognized within the 
Terasoma Formation and the Otonashigawa AS. In this and next sections, the details are 
discussed respectively. Modal composition analyses of the sandstones have been carried out 
for both two (Bessho, 2000; Bessho and Nakaya, 2011). In the Terasoma Formation, there is a 
clear difference between the modal composition of sandstones from the Lower Member to the 
lower part of the Middle Member (T-01 ~ 08) and that from the upper part of the Middle 
Member to the Upper Member (T-09 ~ 16). The former is classified as feldspathic wacke to 
lithic wacke and the latter entirely belongs to lithic wacke (Fig. 23). Moreover the former is 
rich in potash feldspar, granitic rock fragments, whereas the latter is rich in felsic volcanic 
rock fragments whose content increases upward. The sandstones below the middle part of the 
Middle Member characteristically contain allanite, epidote, titanite (type IV) and rich in 
potash feldspar, granitic rock fragment. Allanite, potash feldspar and granitic rock fragment 
are supposed to be have been derived from granitic rocks. Garnets from this part are mainly 
composed of low P/T (L), intermediate P/T (Ia) with high P/T (H) and grandite (G) (Fig. 24) 
It is inferred from the composition of garnets that low-to high-grade metamorphic rocks, 
granitic rocks and calcareous metamorphic rocks outcropped in the hinterland. On the other 
hand, in the sandstones above the middle part of the Middle Member, allanite abruptly 
disappears; epidote and titanite decrease, whereas euhedral zircon increases oppositely. Both 
high P/T (H) garnet and grandite decrease rapidly, while low P/T (L) increases (Fig. 24). The 
model composition also changes to lithic wacke at same timing. Judging from the above, it is 
inferred that violent felsic volcanism took place in the hinterland and huge volcanic products 
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broadly covered the ground. Therefore, the supply from high-grade metamorphic rocks, 
granitic rocks and calcareous metamorphic rocks was prevented considerably. After that, the 
products of felsic volcanism are supposed to have been rapidly eroded and their detritus was 
accumulated in a near basin. This presumption is further suppoted by the evidence that felsic 
tuffs are only intercalated in the strata above the lower part of the Middle Member. The event 
mentioned above was named ‘roofig’ (Kumon, 1985). Roofing in the Terasoma Formation is 
supposed to took place in Coniacian time in the hinterland. 
 
6.4. U ROOFI G I FERRED FROM THE CHA GE I  SA DSTO E 
COMPOTIO  I  THE OTO ASHIGAWA AS 
The modal composition of the sandstones of the Haroku Formation shows upward 
change from lithic wacke rich in felsic volcanic fragments to feldspathic arenite rich in 
monoquartz grains (Fig. 23). The heavy mineral assemblages of the lower part of the Lower 
Member are rich in greenish-brown common-hornblende. On the other hand, the sandstones 
of the upper part of the Lower Member to the Upper Member contain abundant epidote, 
allanite and titanite (type IV). The chemical composition of detrital garnets also shows 
upward decrease in the pyrope-rich almandine (intermediate P/T type garnet) and increase in 
spessartine-rich almandine (low P/T type garnet). A few grandite are extracted from the 
upper most part (Fig. 25). These data indicate that the source rocks for the lower part of the 
Lower Member were chiefly felsic to intermediate volcanic rocks, pyroclastics, intermediate 
P/T metamorphic rocks, sedimentary rocks and glanulite-facies metamorphic rocks during 
Paleocene to earliest Eocene time. Owing to unroofing, granitic rocks and low P/T 
metamorphic rocks, which were situated below the felsic to intermediate volcanic and 
pyroclastics were exposed and their detritus were transported into the trench basin in early 
Eocene time. Calcareous metamorphic rocks were also exposed, as suggested by the 
presence of grandite. 
 
6.5. PROVE A CE HISTORY 
The provenance history of the Shimanto Belt in Kii Peninsula can be devided into four 
stages mainly on the basis of the compositional changes in the sandstones.  
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Albian to Turonian (Yukawa AC, MiyamaAC (Chikai Unit) and the Lower Member of the 
Terasoma Formation) 
The mode composition of the Yukawa AC is feldspathic wacke rich in potash 
feldspar accompanied by microcline and granitic rock fragment (Fig. 26). Moreover, allanite 
grains characteristically occur in the sandstones below the middle part of the Middle Member 
of the Terasoma Formation, the Yanase Unit of the Yukawa AC and the Chikai Unit of the 
Miyama AC. These facts indicate that allanite bearing granitic rocks cropped out around the 
hinterland. The garnets from the Yukawa AC and the Lower Member of the Terasoma 
Formation are dominated by spessartine-rich almandine and low P/T type (L) with 
subordinate intermediate P/T type (Ia, Ig1, Ig2), high P/T type (H) and grandite (G). The 
former two, originated from low grade metamorphic rocks and granitic rocks, are presumed 
to have been derived from the Ryoke or Higo belts. Comparing the two, L type garnets 
contained in the Higo Belt have less content of calcium than the Ryoke Belt (Fig.27A and C). 
On the other hand, the garnets in the Ryoke Belt are plotted broadly in the L region on the 
Mn-Mg-Ca diagram (Fig.27A). The distribution of L type garnets from the Yukawa AC and 
the Lower Member of the Terasoma Formation is coincident with the one of Ryoke Belt and 
L type garnets, therefore, are inferred to have been mainly derived from the Ryoke Belt. Ia 
type garnets are thought to have been originated from intermediate-grade metamorphic rocks 
(Teraoka et al., 1998). Such metamorphic rocks are equivalent to the Hida Belt, pelitic gneiss 
of the Kurosegawa Belt and garnet amphibolite of the Higo Belt in southwestern Japan 
(Fig.27). The garnet amphibolite of the Higo Belt has been found in the narrow area of the 
Higo Belt (Karakida and Yamamoto, 1982). Hence it is likely that Ia type garnets were 
derived from the Kurosegawa Belt near the basin. The Ig1 and Ig2 type garnets are likely to 
have been derived from Precambrian gneiss in the East Asian Continent. H type garnets are 
thought to be originated from high grade metamorphic rocks (Teraoka et al., 1998). 
Metamorphic rocks of this kind correspond to garnet amphibolites of the Kurosegawa Belt or 
the Sangun Metamorphic Belt. H type garnets from the former are dominated by magnesium. 
In contrast, the ones from the latter are poor in magnesium and rich in manganese (Fig. 27C). 
As both H type garnets exist in the Yukawa AC and the Terasoma Formation, H type garnets 
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are inferred to have been derived from both belts (Fig. 17). G type garnets (Grandite) are 
fairly contained in the the Lower Member of the Terasoma Formation (10 %). On the other 
hand, they are absent in the Yukawa AC in the studied area. However, the Yukawa AC in 
other area commonly contains G type garnets (Takeuchi, 1986; Kyaw Soe Win et al.). The G 
type garnets from the Yukawa AC and the Terasoma Formation originating from impure 
calcareous metamorphic rocks are presumed to be derived from the Hida Metamorphic Belt 
dominated by crystalline limestone. Intermediate volcanic fragments fairly contained in the 
sandstone from Yukawa AS are inferred to be derived from Intermediate volcanic rocks. The 
conglomerates intercalated in the Lower Member of the Terasoma Formation are composed 
of felsic volcanic rocks (64%), chert, sandstone and shale (33%, in amount). The latter three 
is thought to have been derived from the Jurassic Chichibu or Mino-Tamba Belts.  
 
Conician to Middle Maastrichtian (Middel Member to Upper Member of the Terasoma 
Formation, Miyama AC (M2, M3, M4 Units) and Ryujin AC) 
The mode composition changes to lithic wacke dominated by felsic volcanic 
fragments and the heavy mineral compositions are represented by type II and III rich in 
euhedral zircon. Felsic tuffs are frequently intercalated in the Sohgawa Unit of the Ryujin AC. 
It is inferred from those facts that violent felsic volcanic activity took place in the hinterland. 
Yamada (2005) divided the Cretaceous volcanic and related granitic rocks in the Inner zone 
into the products of the four stages, that is, KV-1 (Early Cretaceous), KV-2 (early Late 
Cretaceous), KV-3 (late Late Cretaceous), KV-4 (latest Cretaceous to early Paleogene). 
Among four stages, it has been stressed that KV-2 (early Late Cretaceous) was the period of 
the most large-scale magmatic activity and the volcanic front has been situated near the 
Median Tectonic Line (Yamada, 2005). On the basis of the depositional age, felsic volcanic 
fragments contained in the sandstones and felsic tuffs are believed to have been derived from 
the volcaniclastics and granitic rocks in KV-2 and KV-3 stages in the Inner zone. As stated 
previously, roofig (Kumon, 1985) is supposed to have taken place in Coniacian time in the 
Terasoma Formation. Owing to roofing, the supply of both high P/T (H) garnet and grandite 
(G) decreased rapidly, whereas low P/T (L) garnets increased. The changes of garnets are 
thought to have been caused by the difference of the degree of the roofing. The cover of huge 
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volcanic products is inferred to have extended over the Sangun and Hida Belts which 
contains high P/T (H) garnets and grandite (G) respectively, although it didn’t extend to the 
Ryoke Belt being an origin of low P/T (L) garnets. Intermediate P/T garnets contained fairly 
in the Miyama AC are thought to have been derived from the Kurosegawa and Hida belts. 
The content of rounded zircon and purplish rounded zircon increases from Albian to 
Maastrichtian (Fig. 28). The Ubuyukawa Unit of the Miyama AC (Late Campanian to Early 
Maastrichtian) contains, in particular, abundant rounded zircon (32.6% on average) and 
purplish rounded zircon (3.8 % on average). Tomita (1954) stressed, on the basis of their 
characteristic color, that purplish rounded zircons were derived from Archaen gneiss and 
granite. The U-Pb age of the purplish rounded zircon has been recently reported from the 
sandstone of various ages. As for the details, the rounded zircon from Jurassic sandstone in 
the Mino Belt is assigned to 2,000 Ma and the rounded zircon from Paleogene sandstone in 
the Shimanto Belt of Yakushima to the 2,555 Ma to 1,707 Ma (Adachi and Suzuki, 1994; 
Anma and Armstrong, 2003). Moreover, the rounded zircon contained in orthoquartzitic 
gravels of the Muro AS is assigned to the range from 1,600 Ma to 2,600 Ma (Hisada et al., 
2010). These U-Pb ages suggest that the purplish rounded zircons were originated from 
Proterozoic rocks. The purplish rounded zircons contained in the Ubuyukawa Unit in the 
Miyama AC (M4 in Fig. 28) also seem to have been derived from the Proterozoic rocks in 
eastern Asian continent. The Ig2 type garnet increases from Coniacian to Middle 
Maastrichtian and the Ubuyukawa Unit include it most abundantly (Fig. 28). Both the Ig2 
type garnet and the purplish rounded zircon are most abundant in the Ubuyukawa Unit. This 
fact implies that the supply from the East Asian Continent was most active around Late 
Campanian to Maastrichtian. The conglomerate layer intercalated in the Ubuyukawa Unit of 
the Miyama AC is composed of felsic volcanic rocks (49%), shale (19%), sandstone (13%) 
and chert (9%) (Kishu Shimanto Reseach Group, 2006). The felsic volcanic rocks and the 
latter three are presumed to have been derived from Late Cretaceous volcanic rocks in the 
Inner Zone and the Chichibu or Mino-Tamba belts respectively. 
 
Late Maastrichtian ? (Nyunokawa Formation) 
The mode composition of the Nyunokawa Fomation is feldspathic wacke 
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characterized by dominant quartz and poor rock fragments (Fig.26). It is worthy to note that 
quartz and potash feldspar are most dominant in the formation among the Cretaceous system 
of the Shimanto Belt in Kii Peninsula. This formation is dominated by euhedral zircon with 
minor amount of monazite (type III’). These characteristics imply that granitic rocks began 
to crop out in the hinterland. This presumption is justified by yielding of granite gravels 
(15%) in the Nyunokawa Conglomerate in the upper most part of this formation (Tokuoka, 
1967). The granite lacks in magnetite and it supposed to belong to the Ryoke or Sanyo belts 
of the ilmenite-series granotoid (Taniguchi et al., 2012). Besides granite, felsic volcanic 
rocks (32%), sedimentary rocks (46%) like shale, sandstone and chert, and limestone are 
contained in this conglomerate. The felsic volcanic rocks are thought to have been derived 
from the Late Cretaceous volcanics. The sedimentary rocks are presumed to have been 
derived from the Chichibu or Mino-Tamba belts. For the matters mentioned above, the felsic 
volcanic rocks had largely been eroded and the granitic and sedimentary rocks underlying 
the volcanic rocks cropped out in the hinterland. 
 
Paleocene to Early Oligocene (Otonashiwaga AS and Muro AS) 
As mentioned above, the unroofing in Early Eocene time is inferred from the change 
in the sandstone composition from the Haroku Formation of the Otonashigawa AS. Owing to 
the unroofing, granitic rocks, low P/T and calcareous metamorphic rocks beneath the felsic to 
intermediate volcanics cropped out in the hinterland. This presumption is suppoted by the 
presence of clasts of granite, gneiss and hornfels in the Kizzekyo conglomerate at the top of 
Haroku Formation (Tokuoka, 1966). This conglomerate is composed of felsic volcanic rocks, 
sedimentary rocks like shale, sandstone chert and limestone, besides granite. Sedimentary 
rocks are believed to have been derived from the Chichibu or Mino-Tamba Belts. Tokuoka 
(1966) stressed the limestone clasts was derived from the so-called Torinosu type limestone 
of the Southern Chichibu Belt. In the depositional age of the Muro AS (Late Eocene to Early 
Oligocene), the sandstone composition became feldspathic wacke rich in mono-crystalline 
quartz (Kumon, 1983) (Fig. 26). The heavy mineral composition is type II dominated by 
rounded zircon and tourmaline. The increases in mono-crystalline quartz and rounded heavy 
mineral grains are considered to reflect in reworking from older sedimentary rocks like the 
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Chichibu or Mino-Tamba Belts. This presumption is supported by abundant clasts of 
sedimentary rocks (34~63%) in the conglomerates intercalated into the Muro AS (Kumon, 
1983). Ia type garnets fairly contained in the Muro AS are thought to have been derived from 
intermediate P/T metamorphic rocks like the Kurosegawa or Hida metamorphic rocks. As Ia 
type garnets have been reported from the sandstones of Jurassic Mino and Chichibu belts 
(Teraoka, 2003), it is likely that these garnets were reworked from the older sandstones. 
Minor amount of H type garnets in the Muro AS is regard to have been supplied from the 
Sambagawa metamorphic rocks, which began to uplift and outcropped in the Paleogene time 
(Isozaki and Maruyama, 1991). The content of the Ig2 type garnets derived from Precambrian 
gneiss in the East Asian Continent increases upward (Fig. 22). Rounded purplish zircons also 
increase from the Otonashigawa to Muro ASs (Fig. 28). Orthoquatzitic gravels have been first 
reported from the Muro AS in Japanese Island (Tokuoka, 1967). The contents of 
orthoquatzitic  clasts increase from the Uchikoshi (3~4%) to Gohgawa Formations (2~9%) 
in ascending order. For the matters mentioned above, the supplies from Precambrian rocks in 
eastern Asian continent inferred to have been gradually become lager in the Eocene time. In 
summary, various kinds of metamorphic and granitic rocks cropped out in the hinterland of 
the Shimanto Belt ranging from Albian to Turonian in age; the Sangun, Hida, Ryoke and 
Kurosegawa Belts. Owing to a violent felsic magmatism beginning from around Coniacian, 
huge volcanic products broadly covered these rocks (roofing). Entering into the Late 
Maastrichitian time, these volcanic covers were eroded and transported to the site of 
deposition. As the results, low P/T metamorphic and granitic rocks of the Ryoke Belt and 
sedimentary rocks of the Mino-Tamba Belt were cropped out again. There was a little supply 
from the Sambagawa Belt. The supply from the Asia continent continued throughout 
Cretaceous to Paleogene, although it increased rapidly on Late Campanian and Middle 
Eocene time. The configuration of the each belt and the sedimentary basin is schematically 
illustrated in Fig. 29.  
Kyaw Soe Win et al. (2007) stressed that detritus from the Paleo-Ryoke Belt (Takagi and 
Shibata, 2000) have contributed to the Yukawa AC and the Terasoma Formation. However, 
Yamakita and Otoh (2000) has objected to the existence of the Paleo-Ryoke Belt. It needs 
further consideration. Supply from the Asia continent, is presumed by the Ig2 type garnets 
 33 
and the purplish rounded zircon, increased on Late Campanian and Middle Eocene time, 
although the cause of the increase is a further problem. 
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CHAPTER 7 
 
CO CLUSIO S 
 
Heavy mineral analysis discriminated six types. Each unit of the Shimanto Belt in 
Kii Peninsula is characterized by one or two types. Furthermore, the characteristic types 
changed greatly with time, reflecting the transition of source rocks in the hinterland, due to 
roofing and unroofing. The change from type V poor in euhedral zircon (the Yukawa AC) to 
type III rich in euhedral zircon (the Ryujin AC) is considered to reflect the Late Mesozoic 
felsic magmatism beginning from the Coniacian time. The changes in sandstone composition 
recognized within the Terasoma Formation and Otonashigawa AS show roofing and 
unroofing in their hinterland respectively. On the other hand, the chemical compositions of 
garnets also change in chronological order. These are mainly due to the degree of contribution 
of metamorphic source rocks in the hinterland. In Albian to Turonian time, Sediments were 
supply from the Sangun, Hida, Ryoke and Kurosegawa belts. Entering into Coniacian time, 
the Sediment from the Sangun and Hida belts decreased rapidly because of covering by the 
products of the Late Mesozoic felsic volcanism in the Inner Zone of Southwest Japan. Owing 
to unroofing of the volcanic cover beginning from Late Maastrichitian time, the supply from 
the Ryoke Belt increased. The supply from the Asia continent increased in Late Campanian 
and Middle Eocene time 
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Fig. 9. Heavy mineral type (Bessho, 2000).
    EZ: euhedral zircon, RZ: rounded zircon, Tour: tourmaline,
    Gar: garnet, Bl-G: blue-green hornblende, G-B: green and
    brown hornblende, Aug: augite, Epi: epidote, Zoi: zoisite,
    Alla: allanite, Rut: rutile, Tit: titanite, Sp: spinel,
    Ana: anatase, Ba: barite, Oth: others, Mic: mica, Ch: chlorite.
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